We investigated whether chronic rosuvastatin administration could improve the abnormalities of the circulating levels of vascular dysfunction markers in pulmonary arterial hypertension (PAH). Sixty patients, aged 13 to 60 years, with idiopathic (N = 14) or congenital heart disease-associated PAH (N = 46) were equally but randomly assigned to rosuvastatin treatment (10 mg a day, orally) or placebo for 6 months in a blind fashion. Plasma levels of P-selectin, tissue-plasminogen activator and its inhibitor as well as von Willebrand factor antigen were measured by enzyme-linked immunoassay before and after 1, 3, and 6 months of treatment. Baseline levels of biomarkers were elevated (68, 16, 45 and 46% increase relative to controls, for P-selectin, von Willebrand factor antigen, tissue-plasminogen activator and its inhibitor, respectively; P < 0.001). P-selectin values at baseline, 1, 3, and 6 months were 39.9 ± 18.5, 37.6 ± 14.6, 34.8 ± 14.6, and 35.4 ± 13.9 ng/mL, respectively, for the rosuvastatin group and 45.7 ± 26.8, 48.0 ± 26.9, 48.1 ± 25.7, and 45.7 ± 25.6 ng/mL for the placebo group. The P-selectin level was lower in the rosuvastatin group compared with placebo throughout treatment (P = 0.037, general linear model). A trend was observed towards a decrease in tissue-plasminogen activator in the statin group (16% reduction, P = 0.094), with no significant changes in the other markers. Since P-selectin is crucial in inflammation and thrombosis, its reduction by rosuvastatin is potentially relevant in the pathophysiological scenario of PAH.
Introduction
The treatment of pulmonary arterial hypertension (PAH) has changed in the last decades with the development of new drugs, including prostanoids, endothelin antagonists and phosphodiesterase inhibitors (1) (2) (3) (4) (5) (6) (7) . Most clinical studies have demonstrated beneficial effects of these drugs on physical capacity, quality of life, hemodynamics, and survival. In the clinical setting, these agents were initially proposed as vasodilators, but experimental data suggest that they may also act on vessel walls. However, the effects of drugs on circulating levels of vascular dysfunction markers and other biomarkers have been explored to a lesser extent, mostly for prostacyclin administration (8) (9) (10) (11) .
Vascular dysfunction (involving endothelial cells, platelets and leukocytes) is an important event in PAH (12) . Altered circulating levels of endothelial markers have been observed in association with increased risk of thrombosis and decreased survival (13) (14) (15) . Therefore, the improvement of vascular dysfunction with drug therapy might have an impact on the risk of thrombotic complications and mortality in these patients. Statins are among the drugs that have been proposed in this context. They are capable A.C. Barreto et al.
www.bjournal.com.br of reversing experimental pulmonary hypertension, an effect that may be related to over-expression or protection of endothelial nitric oxide synthase (16, 17) and/or changes in the expression of several other genes associated with inflammatory, proliferative and apoptotic mechanisms (18) , including the bone morphogenetic protein type II receptor gene in human lung microvascular endothelial cells (19) .
The present study was planned to investigate the effects of chronic statin administration versus placebo on the circulating levels of vascular dysfunction markers in patients with either idiopathic PAH or that associated with congenital heart disease. We also measured the 6-min walked distance and resting as well as postexercise peripheral oxygen saturation as exploratory clinical variables. Since a direct vasodilator effect of the drug was not expected, all patients with class III symptoms were assigned to vasodilator therapy before they entered the study.
Material and Methods

Study population
Adolescents and adults with PAH, either idiopathic or associated with congenital heart disease, in the absence or presence of hypoxemia (resting SpO 2 of ≥90 or <90%, respectively) were enrolled. They were receiving medical care at the Heart Institute, São Paulo, Brazil, as outpatients with stable clinical conditions (functional class II or III, New York Heart Association). A mean pulmonary arterial pressure of >30 mmHg at rest was necessary for inclusion. Patients with an angio CT showing extensive thrombotic lesions in the pulmonary arteries were excluded. All patients with class III symptoms were started on vasodilator therapy (oral sildenafil, 20-40 mg, three times a day) 1-2 months before entering the study. For patients with stable class II symptoms, vasodilator therapy was considered after completion of the present study. The majority of patients were on chronic anticoagulant therapy with warfarin, and some were using diuretics and/or digoxin. We planned not to change baseline treatment during the study period, unless clearly necessary in case of clinical deterioration. All subjects with congenital heart disease had increased pulmonary vascular resistance and were considered to be unsuitable for surgical correction. Those with abnormal peripheral oxygen saturation were continuously monitored in terms of hydration, hematocrit level, iron stores, hyperviscosity symptoms, thrombotic or bleeding episodes and need for hemodilution. The study protocol was approved by the Scientific Committee of the Heart Institute, and the Ethics Committee of the Hospital of Clinics, School of Medicine, University of São Paulo. Written informed consent was obtained from all patients (or their parents in case of adolescents) before inclusion in the study.
Randomization and study design
Despite the controversy about having variables under control prior to randomization, for this specific study we opted to ensure absolute group homogeneity regarding four clinical variables. Thus, having met the inclusion criteria, patients were consecutively organized into pairs according to age (difference <10 years), diagnosis (idiopathic or congenital heart disease-associated PAH), resting peripheral oxygen saturation (<80, 80-89, ≥90%) and use of vasodilator drugs. In each pair, 1 patient was randomly assigned to placebo and the other to rosuvastatin treatment, 10 mg/day, single oral dose (nested case-control randomized study). Randomization was carried out using a pre-established computer-based sequence. The operator was completely separated from patient care. Patients were maintained on treatment in a double-blind fashion for 6 months, and the treatment code was opened when the last patient completed the follow-up period.
Clinical and laboratory measurements
Demographic data were collected before treatment was begun. The functional class, 6-min walked distance and resting as well as postexercise (6-min walk) peripheral oxygen saturation were recorded before and during treatment (1, 3, and 6 months). For safety purposes, the circulating levels of creatinine phosphokinase and hepatic enzymes (alanine, aspartate aminotransferases and γ-glutamyltranspeptidase) were determined at the same times.
Plasma levels of vascular dysfunction markers were measured before treatment and 1, 3, and 6 months after treatment using commercially available high-sensitivity enzyme-linked immunosorbent assay kits purchased from Diagnostica Stago, France, for tissue-plasminogen activator (t-PA), plasminogen activator inhibitor-1 (PAI-1), and von Willebrand factor antigen (vWF:Ag) or from R&D Systems Inc., USA, for P-selectin. Determinations were carried out in duplicate. Intra-assay variation and differences between duplicates were always less than 5%. A control plasma from our laboratory was run in parallel in all assays. Corrections between assays (between kits) were never necessary. Final results were obtained after normalization for the hematocrit level.
A control group was selected, with the same age range as the patients. The group consisted of 30 healthy volunteers, mostly blood donors. For inclusion, a brief questionnaire was applied in order to exclude acute or chronic illness, in particular diabetes, hypertension and other cardiovascular disorders. Only non-smokers were enrolled. A Rosuvastatin in pulmonary hypertension www.bjournal.com.br negative history for thrombophilia and/or deep vein thrombosis was an inclusion requirement.
Statistical analysis
Variables were tested for closeness to the normal distribution, and results are reported as means and standard deviation (or standard error of the mean if specifically indicated) or if not a normal distribution as median and range. Baseline data were analyzed using the Student ttest. The overall treatment effects on the biomarkers were analyzed using a general linear model with two factors (type of treatment and time), and repeated measures for one of them (time). Thus, the study was primarily designed to analyze the effect of the drug compared with placebo during the entire 6-month period, not just at 6 months. PAI-1 values were analyzed after logarithmic transformation. In all tests, 0.05 was considered to be the level of significance. Statistical analysis was carried out using the SPSS statistical software, version 14.0 (SPSS Inc., USA).
Results
Sixty patients (36 females) were enrolled (N = 30 each for placebo and statin groups), with age ranging from 13 to 60 years (median 33 years) and mean pulmonary arterial pressure of 53 ± 16 mmHg. These patients were in functional class II (N = 50) or III (N = 10), and the disease was either idiopathic (N = 14) or associated with congenital heart defects in the absence (N = 18) or presence (N = 28) of hypoxemia. All subjects in functional class III had idiopathic pulmonary arterial hypertension and were on vasodilator therapy.
When all of the 60 class II or III patients on placebo or drug were analyzed before treatment, the circulating levels of the four biomarkers were higher (P < 0.001) when compared with healthy controls (Table 1) . Before treatment, placebo and statin groups were similar in terms of age, 6-min walked distance, peripheral oxygen saturation, and plasma levels of all four biomarkers ( Table 2) .
The effects of rosuvastatin treatment on the biomarkers are shown in Figures 1 and 2 . The P-selectin level was significantly lower in the statin (filled circles) compared with placebo (open circles) at all times during treatment (P = 0.037). The placebo group P-selectin levels at 1, 3, and 6 months were 48.0 ± 26.9, 48.1 ± 25.7, and 45.7 ± 25.6 ng/ mL, respectively, and for the statin group, they were 37.6 ± 14.6, 34.8 ± 14.6, and 35.4 ± 13.9 ng/mL compared to healthy controls, 25.5 ± 10.3 ng/mL and normal value reported by the kit manufacturer, 29.0 ± 11.0 ng/mL. No significant effects of rosuvastatin were observed for PAI-1 or von Willebrand factor, except for a trend towards a Data are reported as mean ± SD, except for PAI-1 (median and range). 6MWD = 6-min walked distance; SpO 2 = peripheral oxygen saturation; 6MW SpO 2 = postexertional (6-min walk) peripheral oxygen saturation; t-PA = tissue-type plasminogen activator; vWF:Ag = von Willebrand factor antigen; PAI-1 = plasminogen activator inhibitor-1. There were no statistically significant differences between groups for any of the parameters (Student t-test).
decrease in t-PA levels (P = 0.094; Figure 1 ). There were no statistical differences between patient subgroups (idiopathic versus congenital heart disease-associated PAH and hypoxemic versus non-hypoxemic subjects).
In both placebo and rosuvastatin groups, no increase in the 6-min walked distance was observed from baseline to 6 months. In the specific diagnostic subgroup of hypoxemic patients with congenital heart disease (N = 28), 8 of 14 patients on placebo, but only 1 of 14 patients on rosuvastatin had a decrease in postexertional peripheral oxygen saturation at 6 months compared with pretreatment data (P = 0.013, Fisher exact test; Figure 3) .
All patients completed the study, and the following events were observed: clinical deterioration requiring combined vasodilator therapy (1 patient, placebo group); he- moptysis (1 patient, statin group); syncope at 6 months during the walk test (1 patient, placebo group); insomnia (3 patients, statin group); skeletal muscle pain (2 patients, 1 from statin group, with transient creatinine phosphokinase elevation above three times normal level); γ-glutamyltranspeptidase elevation above three times normal (1 patient, placebo group).
Discussion
In this placebo-controlled study, chronic oral administration of rosuvastatin to PAH patients resulted in a statistically significant decrease in the circulating level of Pselectin for an average of 10% and a trend towards a decrease in t-PA level in patients with PAH (P = 0.094, general linear model). The plasma levels of the other markers of vascular dysfunction, vWF:Ag, tissue-plasminogen activator, and its inhibitor did not change with statin treatment but were significantly higher than in healthy subjects.
Only 1 patient presented transient elevation of plasma creatinine phosphokinase level associated with skeletal muscle pain attributable to rosuvastatin treatment. While analyzing the options in terms of selecting the statin that could be used in the present study, rosuvastatin was chosen because it is a third-generation hydrophilic statin, relatively well tolerated at daily doses of 10 to 40 mg, and metabolized via cytochrome p450 (CYP) 2C9 and does not Rosuvastatin in pulmonary hypertension www.bjournal.com.br interact with many drugs that use the CYP 3A4 pathway (20) (21) (22) .
Beneficial effects of statins have been reported in experimental pulmonary hypertension, particularly in hypoxic conditions (23) (24) (25) . These effects may be related, in part, to protection of endothelial cell nitric oxide synthase (26) , but changes in the expression of several genes associated with inflammation, cell proliferation and apoptosis have been reported (18, 19) .
Two of the four biomarkers investigated in this study are adhesion molecules (P-selectin and von Willebrand factor), while the others (t-PA and PAI-1) are a serineprotease and its inhibitor primarily involved in the fibrinolytic process. Although plasma levels of all four markers were elevated at baseline, only P-selectin was significantly reduced by rosuvastatin treatment compared with placebo. The graphs shown in Figure 1 demonstrate differences in the distributions of the plasma markers, with a great variability of PAI-1 values, followed by vWF:Ag, and less variable values of P-selectin and t-PA.
P-selectin and von Willebrand factor originate from both platelets and endothelial cells. Endothelial P-selectin and von Willebrand factor are stored within the WeibelPalade bodies and released by a number of stimuli includ-A.C. Barreto et al.
www.bjournal.com.br ing hypoxia (27) . Released molecules may circulate or become attached to the plasma membrane. While von Willebrand factor is involved in platelet adhesion and aggregation, P-selectin plays a pivotal role in leukocyte movement slowing down (particularly polymorphonuclear cell rolling) at the endothelial surface. Indeed, exocytosis of endothelial cell Weibel-Palade bodies has been shown to cause rapid neutrophil recruitment, an event that is inhibited in the presence of a blocking antibody to P-selectin (28) . Also, interactions between these adhesion molecules are expected to occur in vivo, as P-selectin appears to anchor von Willebrand factor multimers to the endothelial cell membrane (29) . Thus, if we assume that circulating (soluble) P-selectin reflects the amount of membranebound molecules attributable to endothelial dysfunction and/or platelet activation (10, 30) , lowered plasma level as a result of rosuvastatin treatment might be associated with diminished interactions of leukocytes and platelets with the endothelium, an important therapeutic goal to be achieved in this disease.
In view of the lipid lowering action of rosuvastatin and the known proinflammatory properties of LDL cholesterol, one could argue that the observed statin effect on Pselectin could be indirect, via LDL cholesterol reduction. This is an obvious limitation of the study, since we did not address this point specifically. However, lipid lowering, if this was the case, would not be a definite proof in favor of an indirect effect of rosuvastatin.
In this study, rosuvastatin treatment appeared to be associated with some protection against deterioration in postexertional peripheral oxygen saturation in hypoxemic patients. Also, when all patients were analyzed as a whole, there was a mild improvement of 15 m over placebo in terms of the 6-min walked distance. However, since the study was not designed and not powered to examine these effects, we decided to report them just as exploratory clinical findings that could stimulate future investigation. Statins are unlikely to substitute for any of the currently used drugs for PAH, but may have a place as adjunct therapy if further observations support their recommendation.
